REVIEW

Structure and function of enzymes in

heme biosynthesis

Gunhild Layer,’ Joachim Reichelt,? Dieter Jahn,'* and Dirk W. Heinz?*

TInstitute of Microbiology, Technische Universitit Braunschweig, Spielmannstrasse 7, Braunschweig D-38106, Germany
2Division of Structural Biology, Helmholtz Centre for Infection Research, Inhoffenstrasse 7, Braunschweig D-38124, Germany

Received 18 March 2010; Accepted 15 April 2010
DOI: 10.1002/pro.405
Published online 27 April 2010 proteinscience.org

Abstract: Tetrapyrroles like hemes, chlorophylls, and cobalamin are complex macrocycles which
play essential roles in almost all living organisms. Heme serves as prosthetic group of many
proteins involved in fundamental biological processes like respiration, photosynthesis, and the
metabolism and transport of oxygen. Further, enzymes such as catalases, peroxidases, or
cytochromes P450 rely on heme as essential cofactors. Heme is synthesized in most organisms via
a highly conserved biosynthetic route. In humans, defects in heme biosynthesis lead to severe
metabolic disorders called porphyrias. The elucidation of the 3D structures for all heme
biosynthetic enzymes over the last decade provided new insights into their function and elucidated
the structural basis of many known diseases. In terms of structure and function several rather
unique proteins were revealed such as the V-shaped glutamyl-tRNA reductase, the dipyrromethane
cofactor containing porphobilinogen deaminase, or the “Radical SAM enzyme”
coproporphyrinogen lll dehydrogenase. This review summarizes the current understanding of

the structure—function relationship for all heme biosynthetic enzymes and their potential

interactions in the cell.
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Introduction

Tetrapyrroles like hemes and chlorophylls are mole-
cules of central importance to essential metabolic
processes, including electron transfer during respira-
tion, photosynthesis, and enzyme catalysis. In this
context, the iron-containing porphyrin heme fulfils
widely diverse biological functions as prosthetic
group for many enzymes, transporters, and receptors
in most living organisms. Heme-containing cyto-
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chromes are integral components of various respira-
tory and photosynthetic electron transport chains.
Heme serves as a prosthetic group in hemoglobin,
myoglobin, catalases, peroxidases, cytochromes
P450, and in sensor proteins for diatomic gases such
as Oy or NO.! In all eukaryotes and most prokar-
yotes, except the archaea and some eubacteria,
heme is synthesized via a well established conserved
biosynthetic pathway.? In humans, malfunction of
this pathway leads to severe metabolic disorders,
termed porphyrias.®>* The determination of the
three-dimensional structures of all 11 heme biosyn-
thetic enzymes within the last 15 years has led to a
renaissance in the field of heme biosynthesis.
Besides a significant gain in the overall understand-
ing of this metabolic pathway, a number of novel
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enzyme mechanisms have been unraveled. Examples
include the unusual reduction of tRNA-bound gluta-
mate by glutamyl-tRNA reductase, the dipyrrome-
thane cofactor dependent oligomerization of porpho-
bilinogen by porphobilinogen deaminase, and the
employment of radical chemistry by coproporphyri-
nogen III dehydrogenase.

This review will focus on the structures and cata-
Iytic mechanisms of the following heme biosynthetic
enzymes (Fig. 1): 5-Aminolevulinate synthase (ALAS),
glutamyl-tRNA reductase (GluTR), glutamate-1-semi-
aldehyde-2,1-aminomutase (GSAM), porphobilinogen
synthase (PBGS), porphobilinogen deaminase (PBGD),
uroporphyrinogen III synthase (UROS), uroporphyri-
nogen III decarboxylase (UROD), oxygen-dependent
coproporphyrinogen III oxidase (CPO), coproporphyri-
nogen III dehydrogenase (CPDH, also known as oxy-
gen-independent coproporphyrinogen III oxidase), oxy-
gen-dependent protoporphyrinogen IX oxidase (PPO),
and ferrochelatase (FC).

For each enzyme a brief historical overview on
important discoveries is followed by the presenta-
tion of their three-dimensional structures and cata-
Iytic mechanisms. Amino acid exchanges caused by
gene mutations implicated in human porphyrias
are discussed in the light of the available struc-
tural information. Finally, the importance of inter-
actions between a number of heme biosynthetic
enzymes to achieve efficient transfer of metabolites
is outlined.

Heme Biosynthesis

The biosynthesis of heme (Fig. 1) sets off with the
formation of 5-aminolevulinic acid (ALA) as the com-
mon precursor for all naturally occurring tetrapyr-
roles. ALA represents the sole source of carbon and
nitrogen atoms necessary for heme formation. Two
ALA molecules are then condensed to the pyrrole
porphobilinogen (PBG). Oligomerization of four PBG
molecules to the linear tetrapyrrole intermediate
pre-uroporphyrinogen (1-hydroxymethylbilane) fol-
lowed by ring closure leads to the first cyclic tetra-
pyrrole intermediate uroporphyrinogen III (URO-
GEN). Next, the side chains of the macrocycle are
modified resulting in the intermediates copropor-
phyrinogen III (COPROGEN) and protoporphyrino-
gen IX (PROTOGEN). Subsequently, the ring system
is aromatized giving protoporphyrin IX (PROTO).
Finally, iron is inserted to yield heme. Variations
from this canonical pathway® occur in some bacteria
and the archaea.’®

Structures and Mechanisms of Heme
Biosynthetic Enzymes

Heme biosynthesis can be divided into three parts:
(1) formation of the precursor molecule ALA, (ii) for-
mation of the first cyclic tetrapyrrole uroporphyrino-
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gen III, and (iii) conversion of uroporphyrinogen III
into heme.

Two ways lead to 5-aminolevulinic acid
5-Aminolevulinic acid (ALA) is synthesized in nature
by two different, unrelated biosynthetic routes. The
first one, discovered by Shemin, involves the conden-
sation of glycine and succinyl-CoA by 5-aminolevu-
linic acid synthase (ALAS) and occurs in mammals,
fungi, and o-proteobacteria. In plants, archaea and
most bacteria the alternative course, termed “Cs-
pathway,” builds ALA from tRNA-bound glutamate
in two steps. The initial substrate of the Cs-pathway,
glutamyl-tRNA, is provided by glutamyl-tRNA syn-
thetase and is shared between heme and protein bio-
syntheses. Glutamyl-tRNA reductase (GluTR) then
converts glutamyl-tRNA in an NADPH-dependent
reaction into the labile intermediate glutamate-1-
semialdehyde which is then further transformed
into ALA by glutamate-1-semialdehyde-2,1-amino-
mutase (GSAM).?

Shemin pathway

5-Aminolevulinic acid synthase (ALAS; EC 2.3.1.37)
catalyzes the condensation of glycine and succinyl-
CoA to yield ALA. During this reaction CO, and free
coenzyme A are released. The first report about the
incorporation of nitrogen atoms originating from gly-
cine into heme was published in 1945, by Shemin
and Rittenberg.’® Ingestion of '°N-labeled glycine
over a 3-day-period led to °N-incorporation into
Shemin’s own heme. Further incorporation studies
using radioactively labeled acetate performed by the
Shemin and Neuberger groups led to the identifica-
tion of succinyl-CoA as the second source of carbon
atoms for heme formation in 1952.1'71% After the
identification of ALA as a potential precursor for
heme biosynthesis,'*1® ALA synthase (ALAS) activ-
ity in crude cell extracts was simultaneously
described by the Shemin and Neuberger groups in
1958.1619 Since these early studies ALAS was puri-
fied from various eukaryotic and bacterial sources
and biochemically characterized.?’ Whereas there is
usually only one isoform of bacterial ALAS proteins,
mammals carry two different ALAS isoforms, one of
them fulfilling a housekeeping function (ALAS1) and
the other sustaining high levels of heme biosynthe-
sis in erythrocytes (ALAS2)2! Mutations in the
human erythroid-specific ALAS isoform lowering its
catalytic activity are the cause of X-linked sidero-
blastic anemia which manifests in iron accumulation
in erythroblast mitochondria.?? On the other hand,
an extremely high expression level of ALAS2 due to
genetic alterations leads to the accumulation of pro-
toporphyrin IX and causes X-linked dominant proto-
porphyria.2> The only crystal structure of ALAS,
from the phototrophic bacterium Rhodobacter capsu-
latus, was elucidated in 2005.%*
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Figure 1. Heme biosynthesis. A: The first cyclic tetrapyrrole uroporphyrinogen Il is formed from the precursor 5-
aminolevulinic acid in three enzymatic steps via the intermediates porphobilinogen and pre-uroporphyrinogen. Depending on
the organism, ALA is either synthesized by condensation of glycine with succinyl-CoA or from tRNA-bound glutamate via
glutamate-1-semialdehyde. B: Uroporphyrinogen Ill is converted into heme in four consecutive enzymatic steps via the
intermediates coproporphyrinogen lll, protoporphyrinogen IX, and protoporphyrin IX. Structures of all heme biosynthesis
enzymes have been determined with the exception of oxygen-independent PPO (n.d., structure not determined).
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Figure 1. (Continued)

5-Aminolevulinic acid synthase

ALAS functions as a homodimer and requires the
cofactor pyridoxal 5'-phosphate (PLP) for cataly-
sis.2>2®  Within the family of PLP-dependent

enzymes ALAS belongs to the subfamily of o-oxo-
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amine synthases which catalyze the condensation of
a carboxylic acid CoA thioester and small amino
acids with concomitant decarboxylation of the lat-
ter.2” The ALAS reaction mechanism is unusual for
a PLP-dependent enzyme in that two a-carbon bonds
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are cleaved during the reaction cycle. The current
knowledge on the ALAS reaction mechanism was
derived from various studies using specifically
labeled substrates and extensive kinetic investiga-
tions using stopped-flow techniques, in combination
with the available crystal structure of ALAS from R.
capsulatus.2®3* In the active form the PLP cofactor
is covalently linked to an essential active site lysine
residue via an internal aldimine. Catalysis begins
with the binding of glycine to the active site and for-
mation of an external aldimine between glycine and
the PLP cofactor [Fig. 2 (A)]. Subsequently, the pro-
R proton of glycine is removed by the active site
lysine, succinyl-CoA is attached to the glycine a-car-
bon, and coenzyme A is released leading to an
a-amino-B-keto adipate intermediate. Decarboxyl-
ation of this intermediate is achieved by a protona-
tion step for which an active site histidine residue
acts as general acid [Fig. 2(B)]. The formed enol in-
termediate is in equilibrium with a spectroscopically
traceable quinonoid intermediate and with the ALA
bound external aldimine upon protonation of the C-5
position. Finally, ALA is released and the internal
aldimine restored.®®

The crystal structures of R. capsulatus ALAS ho-
loenzyme, in its free form as well as in complex with
glycine and succinyl-CoA have provided detailed
insights into the active site architecture [Fig. 2(A)].2*
Each subunit of the tightly interlocked ALAS homo-
dimer consists of three domains (Fig. 1). The central
catalytic domains of each monomer harbor the active
site clefts located at the subunit interface. The active
site pockets are deeply buried in the dimeric ALAS
structure excluding water from the reaction to take
place. Glycine and succinyl-CoA can enter the active
site pocket through a narrow channel. PLP is pre-
cisely held in its binding site by various interactions
with the surrounding amino acid residues. In the
ALAS-glycine complex structure the substrate gly-
cine replaces the active site lysine by forming the
external aldimine with PLP. However, the lysine
remains in a position suitable for proton abstraction
from the PLP bound glycine. The structure of the
ALAS-succinyl-CoA complex revealed that the 3'-
phosphate ADP moiety of the stretched co-substrate
binds to a hydrophobic pocket at the entrance of the
active site channel on the surface of the enzyme and
the succinate carboxylate group close to the PLP. An
overlay of both substrate bound structures revealed a
distance of ~2.8 A between the C,, of PLP bound gly-
cine and the CS1 of succinyl-CoA being poised for the
required nucleophilic attack for C—C bond formation
[Fig. 2(A)]. In all substrate bound structures a histi-
dine, located directly above the PLP ring, could act as
an acid promoting the decarboxylation of the
a-amino-fB-keto adipate intermediate.

Because of the high sequence conservation (49%
identity) between R. capsulatus and human ALAS2

Layer et al.

the structure of the bacterial enzyme can be used as
a model for the mapping and analysis of point muta-
tions causing X-linked sideroblastic anemia (XLSA).
Some of the XLSA mutations are directly or indi-
rectly affecting PLP or substrate binding. For exam-
ple, Thr245 (Thr388 in human ALAS2) is involved
in hydrogen bonding of the PLP phosphate group.
When this residue is replaced by serine the patients
suffer from a form of XLSA which can be treated by
supplemental pyridoxine. In another XLSA mutation
Arg517 (human ALAS2), which is crucial for glycine
recognition and discrimination, is replaced by a
cysteine.

Cs-Pathway

The second pathway leading to the formation of ALA
was not discovered until the 1970s. By that time the
Shemin pathway was well established, however all
attempts to detect ALAS activity in extracts of green
plants had failed. Furthermore, experiments with
chlorophyll synthesizing tissues using labeled gly-
cine did not result in the typical incorporation pat-
tern as it was observed before for avian heme bio-
synthesis. In 1973, Beale and Castelfranco used
various *C-labeled compounds to study the incorpo-
ration of the label into ALA by greening cucumber
cotyledons. They observed that the metabolically
related compounds glutamate, o-ketoglutarate and
glutamine gave rise to C-labeled ALA.2® Two years
later, it was found that the intact five-carbon skele-
ton of glutamate was incorporated into ALA.2” It
was shown only a few years later that glutamate
was transformed into ALA via the reduced interme-
diate glutamate-1-semialdehyde (GSA) by detection
of GSA aminotransferase activity in barley and the
subsequent purification and characterization of the
enzyme.?®?® The next major discovery concerning
the Cs-pathway in the mid-1980s was the finding
that an RNA moiety was involved in the transforma-
tion of glutamate into ALA.*® Finally, it was estab-
lished that the initial metabolite of the Cs-pathway
is Glu-tRNA®™ which is reduced by glutamyl-tRNA
reductase (GIuTR, EC 1.2.1.70) to GSA which is then
converted into ALA by glutamate-1-semialdehyde-
2,1-aminomutase (GSAM, EC 5.4.3.8).41*2 Since
these early studies both enzymes were purified and
characterized from various plant and bacterial sour-
ces.*352 The first crystal structure of GluTR was
solved for the enzyme from Methanopyrus kandleri
revealing an unusual V-shaped structure.?® Crystal
structures for GSAM were solved for the Synechococ-
cus (GSAMg,,) and the Thermosynechococcus
elongatus enzyme (GSAMy,,).5%%°

Glutamyl-tRNA reductase

GIuTR functions as a homodimeric, NADPH-depend-
ent protein. The large tRNA substrate is recognized
by its overall shape and NADPH binds to the
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Figure 2. Active site architectures and catalytic steps of enzymes involved in ALA formation. A + B, ALAS; C + D, GIuTR; E
+ F, GSAM. A: Active site of ALAS from R. capsulatus modeled from the glycine- and succinyl-CoA-bound structures
showing the external aldimine between PLP and glycine in close proximity to the succinyl-CoA CS1 position. B: During the
ALAS reaction cycle, the decarboxylation of the a-amino-f-keto adipate intermediate is promoted by His-mediated
protonation. C: Active site of GIUTR from M. kandleri with bound glutamycin and the catalytically essential Cys(Ser)48. D:
During catalysis Cys48 nucleophilically attacks the activated a-carboxylate of the glutamyl-tRNA. E: Active site of GSAM from
Synechococcus showing the inhibitor gabaculine covalently bound to the PLP cofactor resulting in the stable m-
carboxyphenylpyridoxalamine phosphate (mMCPP). F: The potential reaction intermediate 4,5-diaminovalerate covalently bound
to PLP as an external aldimine.

enzyme with all its major determinants.®®°%%7 Dur-  nucleophile attacking the activated o-carboxyl group
ing catalysis a highly conserved cysteine residue  of tRNA-bound glutamate [Fig. 2(C,D)]. This results
located in the active site of the enzyme acts as a  in the release of the tRNA and formation of an
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enzyme-bound thioester intermediate.®® NADPH
mediated hydride transfer to the thioester interme-
diate leads to the formation of glutamate-1-semialde-
hyde, while in the absence of NADPH the thioester
bond is slowly hydrolyzed producing free glutamate.
The crystal structure of M. kandleri GluTR was
solved in complex with the antibiotic inhibitor gluta-
mycin and revealed an unusual V-shaped structure
for the dimeric protein (Fig. 1).>3 Each monomer con-
sists of three distinct domains which are arranged
along a curved “spinal” a-helix linking domains IT and
III. The N-terminal domain I is located at the central
part of the spinal helix and represents the catalytic
domain. Domain II is located at the top of the
extended helix and adopts a classical nucleotide-bind-
ing fold containing characteristic Bof motifs and a
conserved glycine rich loop. The dimerization domain
III is located at the C-terminal end of the spinal helix
and together with the corresponding domain of the
second monomer forms an unusual six-helix bundle.
Glutamycin was found to bind in a deep pocket of the
catalytic domain. Several highly conserved amino
acid residues specifically hold the inhibitor in its posi-
tion. The glutamycin y-carboxylate group is specifi-
cally recognized by a bidentate salt bridge with an
arginine and two additional hydrogen bonds. Both
the inhibitor o-amino group as well as the amide
group of glutamycin are engaged in hydrogen bonds
with the enzyme. Mutational analysis of these active
site residues and kinetic characterization of the
enzyme variants revealed their functional impor-
tance.’” During catalysis Cys48 nucleophilically
attacks the activated o-carboxylate of the glutamyl-
tRNA. In the GIuTR crystal structure Cys48 (replaced
by a serine for technical reasons) is located in close
proximity (3.9 A) to the a-carbonyl carbon of glutamy-
cin. The NADPH cofactor was modeled into the
enzyme’s nucleotide binding domain which was
observed to be slightly compressed compared to other
NADPH binding domains. From this model it was con-
cluded that the observed GluTR conformation probably
represented an open, pre-active state of the enzyme
since NADPH was ~21 A away from the glutamate
binding pocket. It was suggested that upon glutamyl-
tRNA binding a tipping of domain II towards domain I
with a concomitant opening of the nucleotide binding
pocket could be induced. The authentic substrate glu-
tamyl-tRNA was also modeled into the GIuTR struc-
ture revealing a striking surface complementarity
between the enzyme and its unusual substrate. Func-
tional identification of tRNA®™ identity elements for
GIuTR recognition showed the importance of the
unique overall structure of the tRNA molecule.®®

Glutamate-1-semialdehyde-2,1-aminomutase

GSAM belongs to the a-family of pyridoxal 5'-phos-
phate (PLP)-dependent enzymes and can be classi-
fied structurally and mechanistically as an amino-

Layer et al.

However, in contrast to other
aminotransferases GSAM functions as aminomutase
acting on a single substrate molecule. Two alterna-
tive mechanistic routes are conceivable for GSAM
catalysis. The reaction starts either with enzyme
bound pyridoxamine 5’-phosphate (PMP) or PLP and
proceeds via the intermediates 4,5-diaminovalerate
(DAVA) and PLP or 4,5-dioxovalerate (DOVA) and
PMP, respectively.®®-%! All GSAM proteins studied so
far are able to catalyze both reactions.’'? However,
the first mechanism was found to be kinetically pre-
ferred and, therefore, DAVA was proposed to be the
true reaction intermediate during GSAM cataly-
5is.83%5 GSAM acts as a functional homodimer as
confirmed by X-ray crystallography (Fig. 1). Each
monomer of the enzyme consists of three domains.
The large central domains harbor the active sites
which are located at the dimer interface. For the
GSAMsg,,, structure an asymmetric homodimer was
observed in which one subunit contained the cofactor

transferase.

in its PMP form whereas the second subunit con-
tained PLP covalently linked to the active site lysine
residue. Because of a lack of order for about 30
amino acid residues the PLP containing subunit was
described to adopt an “open” conformation. In con-
trast, the same region was well ordered in the PMP
binding subunit and covered the active site leading
to a “closed” conformation. In contrast to these obser-
vations a symmetric homodimer was observed for
the GSAMp,; structure in which both subunits were
observed to adopt the “open” PLP bound form with
the disordered region covering the active site. The
PLP phosphate group is recognized via hydrogen
bonds to surrounding amino acid residues and a
water molecule. The PLP pyridinium ring is sand-
wiched between a valine and a tyrosine residue. In
both GSAM structures a highly conserved arginine
was observed ideally positioned to bind the carboxy-
late group of the substrate GSA. In a recent study
the suicide inhibitor gabaculine was observed to
bind covalently to the PLP cofactor resulting in a
stable m-carboxyphenylpyridoxalamine phosphate
form (mCPP).%® The structure of the GSAM-inhibitor
complex revealed that the cofactor rotates ~15°
away from the active site lysine residue when com-
pared to the PLP bound form of the enzyme. Fur-
ther, the carboxylate group of gabaculine forms
hydrogen bonds with the side chain of an active site
serine and interacts with a nearby tyrosine and the
conserved arginine via ordered water molecules [Fig.

2(E,F)].

Uroporphyrinogen Il is formed from ALA

in three consecutive enzymatic steps
Uroporphyrinogen III (UROGEN) represents the
first cyclic intermediate of tetrapyrrole biosynthesis
and at the same time the first major branch point
for the diverging routes leading to formation of
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different classes of tetrapyrroles.® This important in-
termediate is built from eight ALA molecules in
three consecutive enzymatic steps. First, two ALA
molecules are asymmetrically condensed by the
enzyme porphobilinogen synthase (PBGS, EC
4.2.1.24, also known as ALA dehydratase) to yield
the pyrrole derivative PBG. Next, four PBG mole-
cules are linked together in a linear fashion by the
enzyme porphobilinogen deaminase (PBGD, EC
2.5.1.61, also called hydroxymethylbilane synthase)
yielding the linear tetrapyrrole pre-uroporphyrino-
gen (1-hydroxymethylbilane). Finally, UROGEN is
formed from pre-uroporphyrinogen by the action of
the enzyme uroporphyrinogen III synthase (UROS,
EC 4.2.1.75). The heme precursor PBG was detected
for the first time in the urine of a patient suffering
from acute porphyria in 1931.57 Shortly after its iso-
lation and structure determination in 195259 it
was shown that PBG serves as an effective precur-
sor for heme formation in avian red cells.”” The hy-
pothesis arose that an early step during heme bio-
synthesis could be the condensation of two ALA
molecules to PBG*'? and finally the first purifica-
tions and characterizations of PBGS proteins from
different sources in the mid-1950s provided proof for
this proposal.”»" At about the same time it was
found by Bogorad and Granick that the conversion
of PBG into uroporphyrin III required the coopera-
tive action of two enzymes and later these were
identified as PBGD and UROS.”®"* In the beginning
of these early studies of heme biosynthesis the por-
phyrins uroporphyrin III, coproporphyrin III, and
protoporphyrin IX were believed to be biosynthetic
intermediates. However, in the mid-1950s it was
established that the reduced forms of these porphyr-
ins, the “porphyrinogens,” are the true intermediates
during heme biosynthesis.”® Since these early stud-
ies PBGS, PBGD, and UROS proteins were purified
from many different eukaryotic and prokaryotic
sources and biochemically characterized.”® Crystal
structures of PBGS were solved much later for the
enzymes from yeast, E. coli and Pseudomonas aeru-
ginosa and Chlorobium vibrioforme with many of
them containing inhibitors or reaction intermedi-
ates.””®° Structures for PBGD are available for the
E. coli and human proteins.’'®3 The structure of
human UROS was elucidated in 2001 followed by
the Thermus thermophilus enzyme structure in com-
plex with UROGEN 8485

Porphobilinogen synthase

Porphobilinogen synthases wusually function as
homooctamers with the exception of the hexameric
enzyme from Rhodobacter capsulatus.® Despite the
high degree of amino acid sequence similarity
between PBGSs from different organisms they are
divided into subgroups according to their metal de-
pendency. Human and yeast PBGS contain two zinc
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ions, one of them playing a role in catalysis, which
are coordinated by highly conserved cysteine resi-
dues. E. coli PBGS also contains the active site zinc
and an additional magnesium ion. P. aeruginosa
PBGS does not require any zinc but contains magne-
sium ions at an allosteric site and monovalent cati-
ons in the active site. Finally, it was reported that
some PBGS proteins are metal-independent.®® In a
series of biochemical and structural studies of PBGS
using various substrate analogs and inhibitors the
enzyme mechanism was elucidated.®”°® In the first
step, the ALA molecule which ultimately forms the
propionate group of PBG (P-side ALA) binds to a
highly conserved lysine residue within the so-called
“P-site” of the enzyme via Schiff base formation.
This is followed by the binding of the second ALA
molecule (A-side ALA) giving rise to the acetate
group of PBG to the “A-site,” also covalently linked
to another strictly conserved active site lysine resi-
due [Fig. 3 (A,B)]. This second Schiff base at the A-
site then undergoes transformation into an enamine
as a prerequisite for the next catalytic step. In an
aldole addition reaction the C3 atom of A-side ALA
attacks the C4 of P-side ALA which results in forma-
tion of the C—C bond between the two ALA mole-
cules. Next, the amino group of P-side ALA attacks
the Schiff base at the C4 atom of A-side ALA which
leads to C—N bond formation and release of the
A-site lysine. Lysis of the remaining bond between
the P-site lysine and the reaction intermediate is
triggered by protonation of the former and possibly
by conformational changes of the enzyme. Finally,
proton abstraction leads to the aromatization and
release of PBG.

The crystal structures of yeast, P. aeruginosa,
and E. coli PBGS revealed that the octameric
enzymes are composed of four dimers which are
arranged around a central four-fold axis. Each
monomer adopts the classical TIM-barrel fold with
the active sites located at the C-terminal ends of the
B-barrel. The active sites are covered by a flexible
loop and thereby shielded from the surrounding me-
dium. PBGS monomers contain an “N-terminal arm”
which wraps around its dimeric partner. Recently,
this “hugging” of the monomers was observed to be
important for the formation of the functional octa-
meric quarternary structure of PBGS, since human
PBGS with a detached N-terminal arm was only
able to form hexameric PBGS with low catalytic ac-
tivity.?” In the crystal structure of P aeruginosa
PBGS in complex with the inhibitor 5-fluorolevulinic
acid (5F-LA) both 5F-LA molecules were observed to
bind covalently to the lysine residues of the A- and
P-sites, respectively [Fig. 3(A)1.%® In addition, the
inhibitors are precisely positioned in the P- and A-
site, respectively, through hydrogen bonds and
hydrophobic interactions. Overall, the two active site
lysine residues with the covalently bound inhibitor
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Figure 3. Active site architectures and catalytic steps of enzymes involved in uroporphyrinogen lll formation. A + B, PBGS;

C + D, PBGD; E + F, UROS. A: Active site of P. aeruginosa PBGS with bound inhibitor 5-fluorolevulinic acid (5F-LA). B: At the
beginning of the PBGS reaction cycle both ALA molecules are covalently bound to the enzyme via Schiff bases to conserved
lysine residues. C: Active site of human PBGD showing the unique dipyrromethane cofactor (DPM) covalently bound to an
invariant cysteine residue. D: The oligomerization of PBG molecules proceeds via deaminated azafulvene intermediates.

E: Active site of T. thermophilus UROS with bound uroporphyrinogen Il (UROGEN) showing a puckered “two-up, two-down”
conformation of the reaction product. F: Dehydration of pre-uroporphyrinogen results in the first azafulvene intermediate
which further reacts to form a spirocyclic pyrrolenine intermediate as indicated by the arrows.
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molecules are oriented roughly parallel to each other
giving rise to two stacked T-shaped structures. A
comparison of the 5F-LA conformations around their
C3 atoms implies that enamine formation is facili-
tated for the A-site inhibitor molecule suggesting
that the C—C bond formation through aldole conden-
sation occurs prior to C—N bond formation.

In humans there are three distinct disorders
due to decreased levels of PBGS activity of which
only one is caused by mutations of the PBGS gene.
PBGS porphyria is a very rare recessive autosomal
disorder due to PBGS gene mutations and manifests
with accumulation and urinary excretion of ALA
and acute neurovisceral attacks. In cases of hepato-
renal tyrosinemia a gene defect affecting the last
step of tyrosine catabolism leads to the accumulation
of succinylacetone which is a potent inhibitor of
PBGS. Finally, lead poisoning also leads to inhibi-
tion of PBGS due to the replacement of the catalyti-
cally essential zinc ions of human PBGS by the toxic
metal.® Bacterial PBGS provides a target for antibi-
otic therapy as revealed by the recent structure of
P. aeruginosa PBGS in complex with the antibiotic
alaremycin.%®

Porphobilinogen deaminase

It was found around 1980 in a series of studies using
labeled PBG, that first a linear tetrapyrrole is
formed followed by ring closure with rearrangement
of ring D.91% At that time it was also observed
that the oligomerization of PBG starts with ring A
followed by rings B, C, and D.!°%1°2 Finally, 1-
hydroxymethylbilane (pre-uroporphyrinogen) was
identified by the groups of Scott and Battersby to be
the reaction product of the enzyme now known as
porphobilinogen deaminase.!’*71%  Another major
progress for the understanding of the PBGD protein
was the discovery by Jordan and Warren and Bat-
tersby’s group that the enzyme contains a covalently
attached unique dipyrromethane cofactor consisting
of two linked PBG molecules [Fig. 3(C,D)].106-108
This cofactor serves as a primer for the oligomeriza-
tion of another four PBG molecules resulting in the
formation of a protein bound linear hexapyrrole.
From this precursor the linear tetrapyrrole pre-uro-
porphyrinogen is then cleaved off leaving the free
enzyme with its dipyrromethane cofactor behind.*%®
During catalysis, a highly conserved aspartate resi-
due plays an important role probably by assisting in
the deamination of incoming PBG molecules 85110
The formed reactive azafulvene intermediate can
then react with the protein bound oligopyrrole [Fig.
3(D)]. Although it is not yet clear how exactly the
enzyme deals with the growing oligopyrrole chain
during catalysis a number of conserved arginine res-
idues seems to be involved in the correct positioning
of the dipyrromethane cofactor and the incoming
PBG molecules. Further, it was observed that the
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protein undergoes conformational changes during
catalysis which might help the enzyme in “pulling”
the oligopyrrole through the active site or alterna-
tively being caused by the reorganization of the oli-
gopyrrole as it is formed.! Mutations in human
PBGD can cause acute intermittent porphyria (AIP),
an inherited autosomal dominant disorder which
manifests with attacks of abdominal pain and neuro-
logical symptoms accompanied by elevated levels of
ALA and PBG in the patients’ urine.

The crystal structures of E. coli and human
PBGD revealed a monomeric protein consisting of
three equally sized o/f domains with a high degree
of flexibility in terms of domain movements.’1™83
The N-terminal domain I and the central domain II
adopt a fold similar to transferrins and some bacte-
rial periplasmic binding proteins. Domain III con-
sists of a three-stranded, anti-parallel B-sheet deco-
rated on one side by three o-helices and interacts
both with domains I and II. The large active site
cleft is located at the interface between domains I
and II and is predominantly positively charged. The
dipyrromethane cofactor is covalently bound to the
enzyme via a thioether linkage to a conserved cyste-
ine which resides on a loop of domain III. The cofac-
tor is positioned in the active site by various ionic
interactions between the carboxylate groups of its
acetate and propionate side chains to conserved argi-
nine and lysine residues. The catalytically essential
aspartate forms hydrogen-bonds to both pyrrole NH-
groups of the cofactor [Fig. 3(C)]. The proposed
active site of PBGD was occupied by an acetate ion
in the E. coli PBGD structure and a sulfate ion in
the human PBGD structure. The sulfate ion was
located in hydrogen-bonding distance to an arginine
and a serine which were proposed to be involved in
substrate binding. Indeed, a mutation involving this
arginine results in AIP in humans. Further muta-
tions leading to AIP involve arginine residues being
involved in cofactor assembly and positioning or sub-
strate binding. In total, there are more than 100
known mutations causing AIP in humans either due
to less stable or truncated forms of the protein or
defects in cofactor and substrate binding.

Uroporphyrinogen lll synthase

UROS catalyzes the cyclization of the linear tetra-
pyrrole pre-uroporphyrinogen to uroporphyrinogen
III under inversion of ring D. Although the first
purification of an UROS protein dates back to 1957
it took another 20 years until the actual substrate,
pre-uroporphyrinogen, of this enzyme was identified.
However, in 1961 a mechanism for the formation of
UROGEN was proposed by Mathewson and Corwin
which has stood the test of time.'? Studies using
13C-labeled PBG and NMR spectroscopy, investiga-
tions employing synthetic spirocyclic inhibitors as
well as the trapping of an azafulvene reaction
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intermediate contributed to the current understand-
ing of the UROS catalytic mechanism.**1'® In the
first steps of catalysis the hydroxyl group on ring A
of pre-uroporphyrinogen is lost as a water molecule
resulting in formation of the first azafulvene inter-
mediate [Fig. 3(F)]. Next, the spirocyclic pyrrolenine
intermediate is formed by reaction of the azafulvene
with the substituted o-position of ring D. Bond
breakage between rings C and D then leads to for-
mation of the second azafulvene intermediate on
ring C. In the final steps of catalysis the enzyme has
to orientate the ring D pyrrole in such a way that
the C ring azafulvene can react with its free o-posi-
tion. Finally, deprotonation and bond rearrange-
ments lead to the formation of UROGEN.

In addition to the crystal structure of human
UROS the structure of T. thermophilus UROS in
complex with its reaction product UROGEN was
obtained only recently.®*®® Despite a rather low level
of amino acid sequence identity of only 14% between
human and 7. thermophilus UROS the overall fold
of the enzymes from the two different organisms
was found conserved. UROS is a monomeric protein
which consists of two o/f domains connected by a
flexible, two-stranded linker (Fig. 1). Domain I
belongs to the flavodoxin-like fold family and domain
II adopts a DNA glycosylase-like fold. In the human
UROS structure the linker connecting the two
domains adopts an antiparallel B-ladder conforma-
tion. In contrast, 7. thermophilus UROS crystallized
in several different conformations in which the
linker is much less ordered than in the human
UROS structure. The observed remarkable array of
different domain-domain orientations suggests the
linker being highly mobile in solution in the absence
of the substrate.®® In the crystal structure of the
T. thermophilus UROS-product complex it was
observed that uroporphyrinogen III binds at the
interface between domains I and IT and that the two
domains approach each other more closely than in
the different apo-UROS structures. The porphyrino-
gen adopts a puckered “two-up, two-down” conforma-
tion in which the pyrrole NH-groups of rings A and
C point in one direction and those of rings B and D
in the opposite direction [Fig. 3(E)]. Only few hydro-
phobic interactions between the enzyme and the pyr-
role rings D and B were observed. The pyrrole NH-
groups do not directly interact with the enzyme but
rather form hydrogen bonds with ordered water mol-
ecules, while the carboxylate groups of the acetate
and propionate substituents form hydrogen bonds
with main chain NH-groups. Most of these hydrogen
bonds involve the acetate and propionate side chains
of rings A and B which are thus precisely positioned
in a constrained conformation within the “closed”
form of the active site. This is consistent with the
observation that substrate binding is abolished for
porphyrinogens in which the ring A or B substitu-
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ents are altered.'®!'7 For the ring C substituents
there are hydrogen bonds between the propionate
carboxylate group and main chain NH-groups
whereas the acetate side chain does not directly
interact with the protein. Likewise, the carboxylate
groups of the ring D side chains do not interact with
the enzyme facilitating the ring flip during the
reaction.

Mutations in human UROS cause congenital
erythropoietic porphyria (CEP) which is character-
ized by the accumulation of uroporphyrin I in the
patients’ urines and severe photosensitivity. Most of
the known CEP mutations reduce the enzyme’s
activity by reducing its stability by disrupting the
overall structural integrity. For a long time identifi-
cation of plant UROS failed due to the low degree of
amino acid sequence conservation. Recently, the
Arabidopsis thaliana enzyme was identified and
characterized as a typical UROS.!*®

Conversion of uroporphyrinogen Ill into heme
requires four enzymatic steps

During the conversion of uroporphyrinogen III into
heme the side chains of the macrocycle are modified,
the tetrapyrrole ring system is oxidized, and finally
iron is inserted. Uroporphyrinogen III decarboxylase
(UROD, EC 4.1.1.37) catalyzes the stepwise decar-
boxylation of the four acetic acid chains of UROGEN
to yield the corresponding methyl groups of copro-
porphyrinogen III. COPROGEN is then oxidatively
decarboxylated yielding protoporphyrinogen IX by
the action of either oxygen-dependent coproporphyri-
nogen III oxidase (CPO, EC 1.3.3.3) or oxygen-inde-
pendent CPO which should rather be named copro-
porphyrinogen III dehydrogenase (CPDH, EC
1.3.99.22). In the penultimate step of heme biosyn-
thesis, PROTOGEN is oxidized to PROTO by oxy-
gen-dependent or -independent protoporphyrinogen
IX oxidase (PPO, EC 1.3.3.4) before, finally, iron is
inserted into the macrocycle by ferrochelatase (FC,
EC 4.99.1.1) yielding heme.'*® The oxidized forms of
the pathway intermediates, uroporphyrin III, copro-
porphyrin III, and protoporphyrin IX, are found in
unusual high amounts in the urines of patients suf-
fering from different porphyrias. Early descriptions
of such porphyrin accumulations date back to the
middle of the 19th century and were followed by the
isolation and characterization of these porphyrins
providing first hints for heme biosynthetic inter-
mediates. The enzymes UROD, CPO and CPDH,
PPO, and FC were subsequently purified from vari-
ous eukaryotic and prokaryotic sources and the cor-
responding genes were cloned and sequenced.!?07122
Crystal structures are available for human UROD in
its apo and COPROGEN bound forms, as well as
for Nicotiana tabacum and Bacillus subtilis
UROD.!23-126 CPO was crystallized and the struc-
tures solved for the yeast and human enzymes.127128
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The structure of E. coli CPDH was reported in
2003.12° The first structure of PPO was obtained for
the tobacco protein followed by structures of Myxo-
coccus xanthus and B. subtilis PPOs. 137132 Ferro-
chelatase was structurally characterized for the
water soluble B. subtilis protein, the membrane
attached human enzyme and the yeast FC followed
by various structures of FC variants and of FC in
complex with substrate and inhibitors.!33-136

Uroporphyrinogen Ill decarboxylase

UROD activity was first described in 1958 by Mau-
zerall and Granick.'®” In 1976, it was proposed that
the four decarboxylation reactions occur sequentially
in a clockwise manner starting with the acetate side
chain on ring D followed by those on rings A, B, and
C.1%® This was substantiated by studies in which dif-
ferent partially decarboxylated intermediates accu-
mulating in the urines of patients suffering from
porphyria cutanea tarda (PCT) as a result of dimin-
ished UROD activity were analyzed.!®® PCT is the
most common form of porphyria in humans which
occurs with an estimated frequency of 1 in 20,000
Caucasians. UROD proteins were purified from
many species including bacteria, yeast, and
human.'® It was found that UROD accepts a wide
variety of different substrates including uroporphyri-
nogens I and III as well as all 14 possible intermedi-
ates between UROGEN and COPROGEN.**! Accord-
ingly, at high substrate concentrations the four
decarboxylation reactions take place randomly.!*?
UROD represents an unusual decarboxylase in that
it is not dependent on any prosthetic group or cofac-
tor. In a recent study the decarboxylation reaction
catalyzed by UROD was described as a “benchmark
for the catalytic proficiency of enzymes” due to the
enormous rate enhancement of substrate decarboxyl-
ation by this enzyme.'*® The solved crystal struc-
tures for UROD proteins revealed a dimeric enzyme
in which the two single-domain subunits are orien-
tated head-to-head with the active site clefts facing
each other at the dimer interface (Fig. 1). This
arrangement of the two monomers results in one
large active site well shielded from the surrounding
solvent. On the basis of these structural observa-
tions two possible scenarios for the sequential decar-
boxylation of the four acetate side chains of URO-
GEN have been put forward. In one of these
proposals, the acetate side chain of ring D is first
decarboxylated in the active site of one monomer,
the resulting intermediate then passed to the active
site of the other monomer where the three remain-
ing decarboxylation reactions on rings A, B, and C
take place, making the 180° flipping of the substrate
superfluous.'?® However, recently it was shown
using a dimeric, single-chain UROD construct and
variants thereof, that substrate shuttling between
the active sites of UROD is not required to generate
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COPROGEN,** gsuggesting a reorientation of the
substrate by only 90° for each decarboxylation which
is in agreement with the crystal structure of human
UROD in complex with its reaction product COPRO-
GEN bound in a dome-shaped conformation.*2* This
conformation placed the four central NH-groups of
the tetrapyrrole in hydrogen bonding distance to a
highly conserved aspartate residue being proposed
to be involved in substrate binding and catalysis
[Fig. 4 (A)]. According to this mechanism, the sub-
strate pyrrole ring is first protonated at the o-posi-
tion adjacent to the C atom bearing the acetate side
chain. This protonation is promoted by the aspartate
residue by stabilizing the positively charged reaction
intermediate and possibly by acting as the conjugate
acid directly donating the required proton [Fig.
4(B)].1*? Decarboxylation of the acetate side chain
yields another reaction intermediate which has to be
protonated at the methylene carbon and deproto-
nated at the o-C atom to yield the reaction product.
It was suggested that a highly conserved arginine
residue within the active site could be involved in
the final protonation step.l*® After reorientation of
the substrate by 90° the next decarboxylation takes
place in the same active site following the same
mechanistic strategy.

The UROD-product complex represented the
first crystal structure which contained a highly oxy-
gen-sensitive porphyrinogen.'?* The UROD reaction
product COPROGEN was observed to bind in the
active site cleft in a dome-shaped conformation with
one face of the tetrapyrrole nestled up against a ring
of conserved hydrophobic amino acid residues. In
the observed conformation, the pyrrole rings A, B,
and D are tilted 35-60° from the plane whereas ring
C lies approximately in the plane of the four central
NH-groups. As a result thereof the ring A, B, and D
amines are positioned in an optimal distance for
hydrogen-bonding with one of the y-carboxylate oxy-
gen atoms of the catalytically essential aspartate
which is precisely positioned above the tetrapyrrole.
The propionate side chains of COPROGEN are coor-
dinated by conserved arginine residues within the
active site. These arginines do, however, rather pro-
vide a favorable positively charged environment to
accommodate the negatively charged substrate
instead of precisely orienting the porphyrinogen,
thus explaining the enzyme’s ability to accept a
large array of different substrates.

Coproporphyrinogen Il oxidase

The conversion of coproporphyrinogen III into proto-
porphyrinogen IX requires the oxidative decarboxyl-
ation of the propionate side chains on rings A and B
of the tetrapyrrole to yield the corresponding vinyl
groups. This reaction is catalyzed by enzymes which
are generally named coproporphyrinogen III oxi-
dases. However, depending on the requirement for
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Figure 4. Active site architectures and catalytic steps of enzymes involved in protoporphyrinogen IX formation. A + B, UROD;
C + D, CPO; E + F, CPDH. A: Active site of human UROD with bound coproporphyrinogen Ill (COPROGEN) in a dome-

shaped conformation showing the catalytically essential aspartate in hydrogen bonding distance to the pyrrole NH-groups.
B: The aspartate residue stabilizes the protonated, positively charged reaction intermediate. C: Active site of human CPO
with bound citrate showing several arginine residues possibly involved in substrate binding and the catalytically essential
aspartate. D: During catalysis, a pyrrole peroxide anion is formed which further reacts via proton abstraction through the

peroxide to form an intermediate containing an exocyclic double bond. E: Active site of E. coli CPDH showing the catalytically
essential [4Fe-48S] cluster and the two bound SAM molecules. F: During the initial reaction steps the reduced iron-sulfur

cluster transfers an electron to SAM, which is thereby cleaved into methionine and a 5'-deoxyadenosyl radical. This radical

then abstracts a hydrogen atom from the substrate propionate side chain resulting in the formation of 5'-deoxyadenosine and

a substrate radical. R = tetrapyrrole.
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molecular oxygen as terminal electron acceptor there
are two distinct types of CPO which are structurally
and mechanistically completely unrelated proteins.
In this review, we will refer to the oxygen-dependent
enzyme as CPO whereas we will name the oxygen-
independent protein coproporphyrinogen III dehy-
drogenase (CPDH).

CPO is mainly found in eukaryotes with only
few described bacterial representatives.® Decreased
activity of CPO in humans manifests in the autoso-
mal dominant hereditary coproporphyria.'*® The
first partial purification of CPO was reported in
1961 by Sano and Granick for the bovine liver
enzyme.'*” This was followed 4 years later by the
partial isolation of the enzyme from rat liver by Bat-
tle et al. and in the mid-1970s by the purification of
yeast CPO by Poulson and Polglase.*®1%® Since
these early studies a number of native and recombi-
nant CPO proteins were purified to homogeneity
and biochemically characterized.!®°"1%® CPO func-
tions as a dimeric protein which requires molecular
oxygen as the terminal electron acceptor during ca-
talysis. It was shown that CPO catalyzes the decar-
boxylation of the ring A propionate side chain prior
to that on ring B under formation of the reaction in-
termediate harderoporphyrinogen.®®!%” Early ster-
eochemical and mechanistic studies using deuterium
and tritium-labeled substrates showed that only the
pro-S-hydrogen atom at the B-carbon of the sub-
strate propionate side chain is removed during the
reaction and that the overall conversion of propio-
nate side chains into vinyl side chains occurs stereo-
chemically by antiperiplanar elimination.'?®-1¢°
Recently, a putative reaction mechanism was pro-
posed for the oxygen-dependent decarboxylation of
COPROGEN and evaluated by quantum chemical
treatments.'®11%2 In this proposal the first step is a
base catalyzed deprotonation of the pyrrole NH-
group yielding an azacyclopentadienyl anion. This
anion then reacts with molecular oxygen at the o-
position to form a pyrrole peroxide anion [Fig. 4(D)].
Next, a proton at the p-position of the substrate pro-
pionate side chain is abstracted by the peroxide via
a six-membered ring transition state resulting in an
exocyclic double bond. Finally, elimination of CO,
and Hy,0, and bond rearrangements lead to forma-
tion of the vinyl group. Indeed, it was shown in a
recent study that HyOs is generated during CPO ca-
talysis.’®® Unfortunately, the two solved crystal
structures for CPO did not contain substrate or
product precluding a precise assignment of amino
acid residues directly involved in catalysis.!?"-128
However, in a recent biochemical study employing
mutant human CPOs it was suggested that a highly
conserved aspartate residue might serve as the base
for NH proton abstraction, and two conserved argi-
nine residues were proposed to coordinate the sub-
strate carboxylate groups.1®®
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Both yeast and human CPO structures con-
firmed the dimeric state of the protein.'?”!2® Each
monomer consists of a single domain adopting an
unprecedented fold containing a large
stranded antiparallel B-sheet covered on both sides
by o-helices. In the homodimer the two B-sheets of
the monomers face each other and the subunits are
rotated by ~40° relative to one another (Fig. 1). A
putative active site cleft was localized matching the
size of the substrate [Fig. 4(C)]. Interestingly, yeast
CPO crystallized in two different crystal forms. The
structures revealed that in one of these forms the
active site cleft was in an open, accessible conforma-
tion whereas in the second form the active site was
covered by one of the o-helices leading to a cavity
well shielded from the solvent. Two invariant argi-
nine residues were found to point their side chains
into the active site cavity suggesting interactions
with the substrate’s propionate side chains. An
invariant aspartate residue which exposes its side
chain to the cavity near the centre of one face was
proposed to coordinate the pyrrole NH-groups simi-
lar to the UROD-product complex structure.

Mutations in human CPO cause the autosomal
dominant disease hereditary coproporphyria (HCP).
Most of the >20 known clinically identified HCP
mutations cause a decreased overall stability of the
protein. Some mutations located in the active site
cavity, like that of an invariant arginine and serine,
are thought to have deleterious effects due to alter-
ing the size, shape and polarity of the active site.!?8

seven-

Coproporphyrinogen Il dehydrogenase

In most bacteria, the conversion of COPROGEN into
PROTOGEN is catalyzed by coproporphyrinogen III
dehydrogenase. CPDH wuses a terminal electron
acceptor other than oxygen for the oxidative decar-
boxylation reaction. The first reports describing
CPDH activity in cell free extracts prepared from
Rhodobacter sphaeroides were published around
1970 by Tait.6%15 Ten years later, it was found that
the oxygen-independent conversion of COPROGEN
into PROTOGEN proceeds with the same stereo-
chemistry as the oxygen-dependent reaction and
that only the pro-S-hydrogen atom at the B-carbon
of the substrate propionate side chain is lost.'®®
However, all these studies did not result in the isola-
tion or characterization of the protein(s) responsible
for the reaction. In the 1990s, genetic approaches
finally led to the identification of CPDH encoding
genes from various bacteria and these were cloned
and sequenced.'®®"° Subsequently, recombinant
CPDH from E. coli was purified to homogeneity and
biochemically and structurally characterized. CPDH
is a monomeric protein which belongs to the so-
called “Radical SAM” protein family. As such it con-
tains an oxygen-labile [4Fe-4S] cluster in which
three iron atoms are coordinated by three highly
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conserved cysteine residues of the characteristic
CX;3CX5C motif.'"! The fourth iron atom of the FeS
cluster is ligated by an S-adenosyl-L-methionine
(SAM) molecule which serves as a cofactor by initiat-
ing radical based catalysis.'?® The CPDH reaction
cycle starts with the reduction of the FeS centre by
an as yet unidentified electron donor system such as
flavodoxin/flavodoxin reductase. The reduced iron-
sulfur cluster then transfers the electron to bound
SAM which is thereby homolytically cleaved into me-
thionine and a 5'-deoxyadenosyl radical [Fig. 4(F)].
This highly reactive radical then abstracts a hydro-
gen atom from the substrate propionate side chain
resulting in the formation of 5'-deoxyadenosine and
an allylic substrate radical.'”? Finally, elimination of
COgy and transfer of the remaining single electron to
an as yet unidentified terminal electron acceptor
completes the CPDH reaction cycle. It was found
that during formation of one PROTOGEN molecule
two SAM molecules are cleaved.!” Interestingly, two
SAM molecules were bound in the crystal structure
of the E. coli enzyme providing the possibility that
both decarboxylation reactions can take place with-
out the need for release of a tricarboxylic acid inter-
mediate from the active site.

The overall structure of CPDH revealed a mono-
meric, two domain protein (Fig. 1).}2° The larger N-
terminal domain consists of a curved, twelve-
stranded, largely parallel B-sheet which is decorated
at its outer surface by o-helices. The central core of
this domain is formed by the six N-terminal
B-strands which are part of a curved (p/a)g repeat.
This (p/a)g repeat structurally resembles known TIM
barrel domains, however, in the CPDH structure the
B-strands are less strongly inclined relative to the
barrel axis and the curvature is not as tight as in
known TIM barrel structures leading to a three-
quarter barrel with a lateral opening. The C-termi-
nal domain consists of a bundle of four o-helices and
a small three-stranded antiparallel B-sheet. The first
35 amino acid residues of the protein belong to nei-
ther of the two domains and are only partially or-
dered. Since several conserved amino acid residues
are located within this N-terminal stretch it was
proposed that it might adopt a fully ordered confor-
mation upon substrate binding. The [4Fe-4S] cluster
is located at the centre of the three-quarter barrel
near the C-terminal ends of the B-strands. Two SAM
molecules are bound in close proximity to the iron-
sulfur cluster with one of them acting as the fourth
ligand to the FeS-cluster [Fig. 4(E)]. Based on a
modeled CPDH-substrate complex several conserved
arginine residues were proposed to interact with the
substrate’s propionate substituents. Any definite
conclusions concerning the sequence of the two suc-
cessive decarboxylation events were not possible.
However, very recently it was reported that CPDH,
like CPO, catalyzes the decarboxylation of the ring
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A propionate side chain prior to that on ring B via
the reaction intermediate harderoporphyrinogen.t”™

Protoporphyrinogen IX oxidase
In the penultimate step of heme biosynthesis proto-
porphyrinogen IX is oxidized to protoporphyrin IX.
Although this oxidation also occurs on its own, it
was found in early studies in the early 1960s that
in vivo this reaction is catalyzed by protoporphyrino-
gen IX oxidase.!*"17>176 Ag is the case for CPO
there are also two distinct, unrelated PPO proteins
catalyzing the six electron oxidation of PROTOGEN.
Oxygen-dependent PPO uses molecular oxygen as the
terminal electron acceptor whereas oxygen-independ-
ent PPO shuttles the electrons to anaerobic respira-
tory chains with alternative terminal electron accept-
ors such as nitrate or fumarate.l””1® In the late
1980s, native oxygen-dependent PPO proteins were
purified to homogeneity from bovine liver, mouse
liver, and yeast later followed by recombinant PPOs
from eukaryotic sources.'”® 18 Bacterial oxygen-
dependent PPOs were purified and characterized
from Bacillus subtilis, Myxococcus Xanthus, and the
thermophilic bacterium Aquifex aeolicus.'** 186 Muta-
tions in the ppo gene in humans lead to the domi-
nantly inherited disorder variegate porphyria (VP).
Oxygen-dependent PPOs are usually homodimeric,
membrane-associated proteins with the exception of
monomeric PPO from B. subtilis and A. aeoli-
cus. 132186 Iny addition, B. subtilis PPO was found to be
soluble in the cytoplasm.’®” In all cases oxygen-
dependent PPOs contain an FAD cofactor which
transfers the electrons from the substrate to the elec-
tron acceptor oxygen. During the whole reaction three
O5 molecules are thus reduced to three HyO5 mole-
cules. On the basis of the results of biochemical stud-
ies using tritium-labeled substrates a reaction mecha-
nism was proposed in which three meso-carbon
hydride ions are removed successively from the same
face of the macrocyclic plane, each accompanied by
the loss of an NH proton. The final tautomerization
leading to PROTO then occurs through the stereospe-
cific loss of the remaining meso-carbon hydrogen as a
proton from the opposite face of the tetrapyrrole
plane.’?! In a recent mechanistic proposal based on
the modeled enzyme-substrate complex of tobacco
PPO all three hydride abstractions occur from the
C20-meso-carbon followed by hydrogen rearrange-
ments via enamine-imine tautomerizations which
take place over the whole ring system.'2°

The crystal structures for mitochondrial tobacco
PPO and the PPOs from M. xanthus and B. subtilis
revealed that the overall fold of the protein is con-
served despite a low degree of amino acid sequence
conservation (~27% identity). Each monomer of di-
meric tobacco and M. xanthus PPO and monomeric
B. subtilis PPO consists of three domains, an FAD-
binding, a substrate-binding and a third domain
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Figure 5. Active site architectures and catalytic steps of enzymes involved in the transformation of protoporphyrinogen IX
into heme. A + B, PPO; C + D, FC. A: Active site of M. xanthus PPO with bound inhibitor acifluorfen (AF). B: PPO catalyzes
the oxidation of protoporphyrinogen IX to protoporphyrin IX. C: Active site of human FC with bound protoporphyrin IX
(PROTO). D: The insertion of ferrous iron into PROTO proceeds via a “sitting-atop” complex between the porphyrin and the

metal ion.

involved in dimerization in the case of tobacco and
M. xanthus PPO (Fig. 1). The FAD-binding and sub-
strate-binding domains show a p-hydroxybenzoate-
hydroxylase fold-like topology. The dimerization do-
main is exclusively o-helical and responsible for
membrane-binding in the case of the tobacco and
M. xanthus enzymes. Conformational differences
were observed for this domain in the B. subtilis pro-
tein explaining the different oligomerization states
of the different PPOs. On the basis of the localiza-
tion of inhibitor molecules in the PPO structures the
active site of PPO was identified [Fig. 5 (A)l.
Whereas in tobacco and M. xanthus PPO the sub-
strate binding site is a shallow cavity, it is much
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wider in the B. subtilis PPO structure explaining
the ability of the latter enzyme to accept both PRO-
TOGEN and COPROGEN as substrates. In the mod-
eled tobacco PPO-substrate complex pyrrole ring A
of protoporphyrinogen IX stacks against a conserved
phenylalanine residue and ring B is sandwiched
between two conserved leucine residues. A highly
conserved arginine within the active site cavity pro-
vides a counter ion for the ring C propionate carbox-
ylate group. Recent biochemical analysis of tobacco
PPO variants showed the importance of these amino
acid residues for substrate binding and catalysis.*®®
In this PPO-substrate model the C20 methylene
bridge of the substrate is oriented towards the
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reactive N5 atom of the FAD cofactor suggesting
that all hydride abstractions occur from this posi-
tion. The most common mutation in human PPO
causing VP is an exchange of Arg59 to tryptophane.
According to the tobacco PPO structure this arginine
is located on a loop between the isoalloxazine ring of
FAD and the substrate-binding cavity and its
replacement by a tryptophane in the human protein
at this position probably disturbs the architecture of
the active site and may also interfere with FAD and
substrate binding.

Much less is known about the oxygen-independ-
ent PPO occurring in anaerobic bacteria and faculta-
tive anaerobes. In the mid-1970s, it was shown by
Jacobs and Jacobs using cell free extracts prepared
from E. coli that the oxygen-independent PPO activ-
ity was associated with the membrane fraction and
could be solubilized by detergents. Further, it was
observed that the PPO activity was coupled to the
respiratory chain.l”"1"®18% Later, an E. coli mutant
strain was found which was deficient in PPO activ-
ity. The mutated gene was subsequently mapped
and named hemG.1%%'1 Only recently recombinant
E. coli HemG was purified, characterized and shown
to be an oxygen-independent PPO.'°2 The protein
belongs to the protein family of so-called long chain
flavodoxins and contains an FMN cofactor. HemG
was reported to be able to oxidize PROTOGEN to
PROTO in the presence of menadione as the
terminal electron acceptor substituting for the
physiological, membrane-bound electron acceptor
menaquinone.

Ferrochelatase

Ferrochelatase catalyzes the terminal step of heme
biosynthesis, namely the insertion of ferrous iron
into protoporphyrin IX. The first report describing
ferrochelatase activity in avian erythrocytes was
published in 1956 by Ashenbrucker et al. and was
followed by descriptions of the same enzyme activity
in a variety of cell types.!®>'%* However, it took
another 25 years until the first ferrochelatase was
purified to homogeneity from rat liver mitochondria
still with low yields.!® In the early 1990s, the genes
encoding ferrochelatase from several eukaryotic
organisms were cloned and sequenced. The produc-
tion of recombinant ferrochelatases finally resulted
in high protein yields for functional and structural
characterization. Today, ferrochelatase is one of the
best characterized enzymes of the heme biosynthesis
pathway.'?%1°* In humans, deficiency of ferrochela-
tase results in the metabolic disorder erythropoietic
protoporphyria (EPP). In eukaryotes ferrochelatase
is a membrane-associated homodimer, while it is
monomeric in bacteria.'®#18619¢ 1n  addition, in
Gram-positive bacteria such as B. subtilis FC is a
soluble protein located in the bacterial cytoplasm.®”
Eukaryotic FC proteins, with the exception of the
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plant enzymes, contain one [2Fe-2S] cluster per sub-
unit.}®%1%  Bacterial ferrochelatases have been
described with and without FeS cluster.2°%2°! How-
ever, the role of the iron-sulfur cluster is at present
unknown. FC accepts a variety of different porphyr-
ins as substrates showing that FC is rather tolerant
towards different substituents on rings A and
B.122292 Tp contrast the propionate side chains on
rings C and D are more critical for catalysis. Some
porphyrins which are not accepted as substrates like
N-alkyl porphyrins act as competitive inhibitors.2%3
FC is also able to insert divalent metal ions like
Ni%* and Zn?" into porphyrins whereas others like
Mn?*, Hg?*, or Pb?" have inhibitory effects.20%205
During catalysis, the planar porphyrin macrocycle
has to be distorted by the enzyme into a saddle con-
formation to facilitate metal chelation.!3¢:296-208 Deg.
olvation of ferrous iron and bond formation between
the metal and two of the pyrrole nitrogens lead to a
so-called “sitting-atop” complex [Fig. 5(D)]. Finally,
the deprotonation of the remaining two NH-groups
results in the formation of the metalated
porphyrin.2°7

Although ferrochelatases from different species
share little amino acid sequence identity the crystal
structures of human, yeast and B. subtilis FC show
a high degree of structural conservation. Each subu-
nit of the dimeric eukaryotic enzymes consists of two
similar domains, each containing a four-stranded
parallel B-sheet surrounded by o-helices (Fig. 1). A
C-terminal extension which is not present in the
B. subtilis FC adopts a helix-turn-helix structure
and is involved in coordination of the [2Fe-2S] clus-
ter. In fact, the iron-sulfur cluster appears to con-
tribute to anchoring the C-terminal extension to the
rest of the monomer. In the FC homodimer this C-
terminal extension is involved in interactions
between the monomers and its absence in the B.
subtilis enzyme might explain the monomeric struc-
ture of the latter. The active site pockets of dimeric
human FC are both located on the same surface
which is believed to be embedded within the mem-
brane. The entrance of the active site pocket is lined
by mostly hydrophobic residues whereas the base of
the pocket is populated with several hydrophilic res-
idues. The crystal structure of human FC in complex
with PROTO revealed that the active site closes
upon porphyrin binding and that the substrate is
completely engulfed by the protein. Several key
interactions between FC and the substrate position
the porphyrin in the active site pocket [Fig. 5(C)].
The propionate carboxylate group of ring D forms a
salt bridge with an arginine and that of ring C is
involved in hydrogen bonding with the side chains of
a serine and a tyrosine. In addition, interactions
with nearby histidine and methionine, located on op-
posite sites of the macrocycle, also contribute to the
positioning of the substrate. The FC-substrate

PROTEIN SCIENCE ‘ VOL 19:1137-1161 1153



complex structure also revealed that PROTO is dis-
torted by ~11.5° to adopt a modest saddle conforma-
tion which is consistent with theoretical calcula-
tions.2%® After metal insertion it was observed in a
FC-product complex structure that a histidine
swings away from the metallated porphyrin and
that the interactions between the product ring C
propionate side chain and the serine and tyrosine
residues are broken. In the FC-product structure it
was also observed that a structural reorganization
takes place in a conserved n-helix in human FC
which facilitates product release from the active
site.?1® Mutations in the human ferrochelatase gene
that cause EPP include missense mutations and
Among the missense mutations
which cause amino acid exchanges many lead to
decreased levels of enzyme activity, although only
two of them directly involve active site residues.?!!

exon deletions.

Coordination of Heme Biosynthesis in the Cell

Several intermediates on the biosynthetic road to
heme are highly unstable or reactive molecules. For
example, the GIuTR reaction product, GSA, is a re-
active aldehyde which easily undergoes auto-cycliza-
tion or other side reactions. The linear tetrapyrrole
pre-uroporphyrinogen rapidly undergoes cyclization
to the non-physiological uroporphyrinogen I. Fur-
ther, all porphyrinogens are easily oxidized to the
corresponding porphyrins and these in turn are
extremely sensitive to light, a feature exploited by
photodynamic cancer therapy. As a consequence one
can imagine that a highly concerted action of the
heme biosynthesis enzymes is required in order to
assure the efficient synthesis of this essential mole-
cule. Such a coordinated action is achieved by (i) the
co-transcription of heme biosynthesis genes and (ii)
by protein-protein interactions allowing for direct
product-substrate channeling between the enzymes.
Indeed, the structures of GluTR and GSAM revealed
a striking degree of surface complementarity and it
was possible to build a model complex between the
two proteins in which the active site “back door” of
GIuTR lies directly at the active site entrance of
GSAM. In addition, complex formation between
GIuTR and GSAM was shown biochemically for the
enzymes from E. coli and C. reinhardtii.2'?2!3
Therefore, the reactive GSA is directly handed over
from GIuTR to GSAM avoiding any contact with the
aqueous medium. Complex formation was also pro-
posed to occur between PBGD and UROS to avoid
formation of uroporphyrinogen I. Although such a
complex has not been shown to exist at present on
the biochemical level, the genes encoding PBGD and
UROS are often tandemly organized in an operon in
bacteria. Finally, as for GIuTR/GSAM and PBGD/
UROS a direct product/substrate channeling via pro-
tein—protein interactions between PPO and ferroche-
latase was proposed to occur. Indeed, it was possible
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to dock the structures of tobacco PPO and human
FC in such a way that product/substrate channeling
could take place between the two proteins.*?° In
addition, it was observed that the presence of PPO
is required for the iron insertion into PROTO by
FC2?* and complex formation in vivo was shown for
PPO and FC from T elongatus.?'®

Conclusions

Heme is an essential molecule for all eukaryotic and
most prokaryotic organisms. The enzymes involved
in the multistep heme biosynthetic pathway were
identified and characterized. In humans, decreased
activities of these enzymes due to genetic defects are
responsible for various porphyrias and X-linked side-
roblastic anemia. The fact that certain enzymes are
involved in heme biosynthesis exclusively in plants
or bacteria makes them attractive targets for new
herbicides and antimicrobial compounds. Both bio-
chemical and structural characterization of the
heme biosynthesis enzymes help to understand the
molecular basis of porphyria-causing mutations and
provide the means to develop new strategies for the
treatment of these severe metabolic disorders as
well as to design new antibiotics. Structural charac-
terization of the enzymes proved very valuable for
the current understanding of the enzyme mecha-
In the future, additional structures of
enzyme-substrate and enzyme-inhibitor complexes
will certainly provide even more insight into the
mechanisms of enzyme catalyzed heme biosynthesis.

nisms.
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